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The exchange interaction between magnetic ions and charge carriers in semiconductors is consid-
ered as prime tool for spin control. Here, we solve a long-standing problem by uniquely determining
the magnitude of the long-range p−d exchange interaction in a ferromagnet-semiconductor (FM-SC)
hybrid structure where a 10 nm thick CdTe quantum well is separated from the FM Co layer by a
CdMgTe barrier with a thickness on the order of 10 nm. The exchange interaction is manifested by
the spin splitting of acceptor bound holes in the effective magnetic field induced by the FM. The ex-
change splitting is directly evaluated using spin-flip Raman scattering by analyzing the dependence
of the Stokes shift ∆S on the external magnetic field B. We show that in strong magnetic field ∆S
is a linear function of B with an offset of ∆pd = 50 − 100 µeV at zero field from the FM induced
effective exchange field. On the other hand, the s−d exchange interaction between conduction band
electrons and FM, as well as the p− d contribution for free valence band holes, are negligible. The
results are well described by the model of indirect exchange interaction between acceptor bound
holes in the CdTe quantum well and the FM layer mediated by elliptically polarized phonons in the
hybrid structure.
I. INTRODUCTION
The integration of magnetism into semiconductor elec-
tronics would initiate a new generation of computers
based on advanced functional elements where the mag-
netic memory and electronic data processor are located
on a single chip [1–4]. One approach in this direction
is based on hybrid systems where a thin ferromagnetic
film is placed on top of a semiconductor. In such a sys-
tem one expects to detect emergent functional properties
which appear and benefit from bringing the primary con-
stituents together, i.e. the magnetism as in ferromagnets
(FM) with the optical and electrical tunability as in semi-
conductors (SC) [5–12]. For that purpose it is manda-
tory to establish a strong exchange interaction between
the charge carriers in the SC and the magnetic ions in the
FM. Control of the concentration of the charge carriers
and the penetration of their wavefunction into the FM
layer should consequently change the magnitude of the
exchange coupling between FM and SC [13]. As a result
of the coupling, the following interdependencies are es-
tablished: spin polarization of charge carriers in the SC
by the magnetized FM layer and inverse action of the
spin polarized carriers to control the FM magnetization.
Previously, it was demonstrated that the stray fields of
a FM layer influence the spin polarization of conduction
band electrons in bulk GaAs [5, 14] and diluted magnetic
semiconductors [15, 16]. In turn, illumination of a GaAs
SC changed the coercive force of a nickel-based interfa-
cial FM layer (photocoercivity), which was attributed to
optical control of the exchange coupling at the interface
between FM and SC [5].
A novel type of hybrid structure with a thickness of
a few tens of nanometers only is obtained by combining
a FM layer and a SC quantum well (QW) that are lo-
cated in close proximity of each other, separated by a
SC barrier with a few nanometer thickness [15–21]. Such
structures with a well-defined profile along the growth
axis can be fabricated with monolayer precision. The
stray fields from the FM layer are weak so that they con-
tribute significantly to the carrier spin polarization only
in combination with a magnetic SC QW [15, 16]. For
non-magnetic SCs, the contributing mechanisms are a di-
rect exchange interaction generating an equilibrium spin
polarization [13, 17–19] and a spin dependent tunneling
into the FM layer [20, 22]. In Ref. 20 it was demonstrated
that in hybrid structures based on combining a GaMnAs
FM with a InGaAs QW the conduction band electrons
in the QW are spin polarized due to spin-dependent cap-
ture into the FM layer. Another mechanism leading to an
equilibrium spin polarization of a two-dimensional hole
gas in an InGaAs QW due to the p − d exchange inter-
action was reported in Ref. 18. Also, the exchange fields
in graphene layers coupled to yttrium iron garnet were
used to achieve a strong modulation of spin currents [23].
Recently, a new type of proximity effect was observed
in a hybrid structure composed of a few nanometer thick
Co layer which is deposited on top of a CdTe/CdMgTe
semiconductor QW structure. The proximity effect was
manifested in a FM induced spin polarization of holes
bound to shallow acceptors in the QW [21]. The polar-
ization of the holes takes place due to an effective p − d
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FIG. 1. (Color online) (a) Schematic presentation of the investigated structures and the PL excitation-detection geometry.
Optical excitation is linearly (pi) polarized. Circularly polarized σ+ and σ− emission components are detected. The thickness of
the Cd0.8Mg0.2Te buffer is 3 µm, the QW width is 10 nm, the Co thickness dCo ≈ 4 nm and the spacer thickness is in the range
of dS = 5−10 nm. In an external magnetic field BF ≥ 50 mT the interfacial FM magnetization M is directed perpendicular to
the sample surface. (b) Spectra of PL intensity (black line) and degree of circular polarization (colored symbols). Excitation
photon energy ~ωexc = 1.7 eV. (c) Magnetic field dependence of FM induced circular polarization ρ
pi
c (BF ). The polarization is
averaged over the spectral range of the e− A0 PL band (1.57− 1.62 eV). All measurements are performed at Tbath = 2 K.
exchange interaction between the FM (d-system) and the
QW holes (p-system). In this case, the FM produces an
effective magnetic field which acts on the acceptor-hole
spins and consequently leads to an equilibrium spin po-
larization of the holes. The main feature of this indirect
exchange interaction is its long-range character, i.e. the
proximity effect is almost constant with increasing thick-
ness of the CdMgTe spacer between the FM and the QW
layers up to 30 nm. This length scale is significantly
larger than the 1-2 nm distance required for a significant
overlap of wavefunctions in the direct exchange interac-
tion between the QW holes and the magnetic ions in the
FM. In Ref. 21 it was conjectured that the long-range
indirect exchange originates from exchange of elliptically
polarized acoustic phonons which exist in the FM layer
close to the magnon-phonon resonance [24] and can pen-
etrate into the SC layer. This mechanism was used later
to explain the influence of elliptically polarized phonons
on the magnetic properties of materials [25]. However,
the spin polarization of the acceptors and the resulting
circular polarization of the photoluminescence (PL) de-
pend not only on the exchange splitting between the spin
levels of the holes ∆pd but also on other factors such as
the temperature, the ratio of lifetime and spin relaxation
time of the holes etc. Therefore, the polarization of the
PL evaluated in Ref. 21 can be considered only as rough
estimate for the splitting ∆pd ≈ 50 µeV, and it is neces-
sary to perform a direct measurement of the spin splitting
of the acceptor holes using complementary techniques.
In this paper, we report on the investigation of the FM
induced spin splitting of the acceptor bound holes in a
CdTe QW located in close proximity of a Co layer. While
previous optical and electrical measurements were indi-
rect requiring additional model assumptions for analysis,
here we perform a direct measurement using spin-flip Ra-
man scattering giving the dependence of the Stokes shift
∆S on external magnetic field B. In strong magnetic
fields, ∆S(B) scales linearly with B. Extrapolation of
these data to zero magnetic field reveals a finite offset of
the Stokes shift due to the FM induced effective exchange
field with a magnitude of ∆pd = 50− 100 µeV. This off-
set varies only weakly on the CdMgTe spacer thickness
also in ranges where wavefunction overlap is negligible
so that it has to be attributed to a long-range p − d in-
teraction. In addition, we show that the s − d exchange
interaction between conduction band electrons and the
FM as well as the corresponding p − d contribution for
free valence band holes are negligible. These results are
surprising from the viewpoint of standard theory of ex-
change interaction which is proportional to the overlap
of the wavefunctions of the interacting particles. How-
ever, they are in line with the conjecture of an indirect
exchange mediated by elliptically polarized phonons in
FM-SC hybrid structures [21] and therefore corroborate
this model.
The paper is organized as follows. First, in Sec. II we
describe the proximity effect based on PL data recorded
in a wide range of magnetic fields up to 3 T. Next,
we present the results on spin-flip Raman scattering in
Sec. III. In Sec. IV time-resolved data on pump-probe
Kerr rotation are given where we evaluate the influence
of the FM on the Larmor precession of the optically ori-
ented holes and electrons. Finally, the results are dis-
cussed in Sec. V.
II. FERROMAGNETIC PROXIMITY EFFECT
The studied CdTe/Cd0.8Mg0.2Te QW structures were
grown by molecular-beam epitaxy (MBE) on top of
3(100)-oriented GaAs substrates. The subsequent depo-
sition of Co at room temperature was done without any
intermediate contact to ambient atmosphere. Details on
growth and characterization are given in Ref. 21. A
schematic presentation of the structure and of the geome-
try for PL measurements is shown in Fig. 1(a). The used
gradient growth technique allowed variation of the thick-
ness of both the Co layer and the Cd0.8Mg0.2Te spacer
up to 10 and 30 nm, respectively. The 10 nm thick
CdTe QW is sandwiched between Cd0.8Mg0.2Te barri-
ers. The thickness of the Cd0.8Mg0.2Te buffer is about
3 µm. Most of studies are performed on samples with
a Co layer thickness of about 4 nm and a spacer thick-
ness of dS = 5 − 10 nm. The samples are mounted in a
split-coil helium bath cryostat with a variable tempera-
ture insert. The magnetic field is applied in the Faraday
geometry parallel to the structure growth axis (B‖z). In
the PL measurements, excitation of electron-hole pairs
in the QW layer is accomplished by picosecond optical
pulses emitted by a tunable Ti:Sapphire laser at a repe-
tition frequency of 75.75 MHz. The photon energy ~ωexc
is kept below the band gap energy of the Cd0.8Mg0.2Te
barriers (∼ 1.9 eV) in order to generate carriers in the
QW layer only. The emission is analyzed and detected
by a spectrometer equipped with a charge-coupled-device
camera and a streak camera for time-integrated and time-
resolved measurements, respectively.
Figure 1 summarizes the time-integrated data on the
ferromagnetic proximity effect. These PL data are mea-
sured in the Faraday geometry on the sample with dS =
10 nm at a bath temperature of Tbath = 2 K. The total PL
intensity I0 = I
pi
++I
pi
− and degree of circular polarization
ρpic spectra are shown in Fig. 1(b). The degree of circu-
lar polarization is defined as ρpic = (I
pi
+ − I
pi
−)/(I
pi
+ + I
pi
−),
where Ipi+ and I
pi
− are the σ
+- and σ−-polarized emission
intensities of the PL under linear polarized excitation, as
indicated with the pi in the superscript. Already in weak
magnetic fields BF = ±40 mT a circular polarization of
several percent appears in the spectral range of the low
energy PL band from 1.57− 1.62 eV, which corresponds
to recombination of conduction band electrons with holes
bound to acceptors (the e − A0 band). This effect was
studied in detail in our previous work where we demon-
strated that:[21] (i) the circular polarization appears due
to a FM induced spin polarization of the acceptor bound
holes; (ii) the effect is induced by an interfacial FM which
is formed at the Co/CdMgTe interface with a magnetiza-
tionM||z and an out-of-plane (perpendicular) anisotropy
(see Fig. 1). In weak magnetic fields the magnetization
of the Co layer MCo is located in the plane of the struc-
ture (MCo ⊥ z) and does not contribute to the circular
polarization of the PL.
Here, we extend the measurements of ρpic (BF ) to a
larger magnetic field range up to 3 T, where an out-
of-plane magnetization of the Co FM layer is present.
Figure 1(c) shows the FM induced dependence ρpic (BF )
averaged across the spectral range from 1.57 − 1.62 eV
as function of the magnetic field BF in the Faraday con-
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FIG. 2. (Color online) (a) Transients of circular polarization
ρ¯pic (t) for different magnetic fields |BF | = 0.5, 1.7, 2.5 T. Solid
lines are fits to the data with Eq. (1). (b) Magnetic field
dependence of ρMCD and A. Dashed line is a fit to the data
for A using Eq. (2) with ∆pd = 50± 10 µeV, |gA| = 0.4± 0.1
and T = 5 K.
figuration. In strong fields BF > 0.25 T the polarization
increases with BF and changes its slope to a weaker de-
pendence around 2 T, which is close to the saturation
field of Co 4piMCo = 1.7 T (see Ref. 26). At first glance
this behaviour could be attributed to a spin polariza-
tion of the holes due to exchange interaction with the
Co where the exchange constant Jpd has the opposite
sign as that of the interfacial FM. However, care should
be exercised here because there is a significant contribu-
tion of magnetic circular dichroism (MCD) to the data
as follows from time-resolved photoluminescence (TRPL)
measurements.
Figure 2(a) shows transients of the antisymmetric
term of the polarization degree ρ¯pic (|BF |) = [ρ
pi
c (+BF ) −
ρpic (−BF )]/2. The data can be well described with the
following expression
ρ¯pic (t) = ρMCD +A(1− e
−t/τS ), (1)
where the instantaneous polarization degree ρMCD results
from the difference in absorption of σ+ and σ− polarized
light in the Co layer, the amplitude A corresponds to
the equilibrium polarization of the acceptor holes induced
4by the external magnetic field BF and the FM induced
effective exchange field. τS is the spin relaxation time of
polarized carriers, during which equilibrium populations
of the spin levels are reached.
The magnetic field dependencies of ρMCD and A eval-
uated from fits to the ρ¯pic (t) transients are shown in
Fig. 2(b). Obviously the MCD saturates at BF ≈ 1.7 T,
while the amplitude A continuously grows with BF . The
increase of A with magnetic field is related to an addi-
tional equilibrium polarization of the holes due to ther-
malization between the spin levels. For small splittings
(A ≪ 1) the field dispersion of A can be approximated
by
A =
µB|gA|B −∆pd
2kBT
(2)
where µB > 0 is the Bohr magneton, kB is the Boltz-
mann constant, and gA is the Lande´ factor of the ac-
ceptor which determines the splitting of the heavy hole
states with angular momentum projections Jz = ±3/2
onto the quantization axis of the QW. Since the ampli-
tude A does not saturate in magnetic fields BF > 1.7 T
(see Fig. 2(b)), we conclude that the contribution of the
Co film to the proximity effect is negligible. Using Eq. (2)
we obtain ∆pd = 50±10 µeV and |gA| = 0.4±0.1 (see the
dashed line in Fig. 2(b)). This evaluation depends, how-
ever, sensitively on the actual temperature of the crystal
lattice T in the illumination area which we assumed to be
T = 5 K, i.e. about 3 K higher than the bath temperature
of Tbath = 2 K. Laser heating of the crystal lattice due
to optical excitation is in agreement with our previous
studies on optical orientation of Mn ions in GaAs [27].
Thus, TRPL polarization measurements as applied up
to now can be used to estimate the exchange energy split-
ting ∆pd but this requires an accurate knowledge of T .
Such a precise assessment is, however, hardly possible,
but every determination of the crystal temperature is
subject of considerable inaccuracies. In the following,
we therefore present other methods that can be used for
a direct measurement of the exchange energy which does
not require any estimates.
III. EVALUATION OF p− d EXCHANGE
INTERACTION VIA SPIN-FLIP RAMAN
SCATTERING
Resonant spin-flip Raman scattering (SFRS) allows
measuring the magnetic field induced splitting of the
spin levels of charge carriers in semiconductor QW struc-
tures [27–30]; moreover, it can be also exploited to eval-
uate exchange energies by which different spin configura-
tions are separated [31]. As we will demonstrate in the
following, in contrast to polarization-resolved PL mea-
surements, SFRS grants access to the effective p− d ex-
change constant in the hybrid structures studied here.
The physics of SFRS for a hole bound to an acceptor is
shown in Fig. 3.
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FIG. 3. (Color online) Schematic presentation of (a) SFRS
for acceptor bound heavy hole; (b) geometry of SFRS exper-
iment with Θ = 20◦. Black bold arrows ⇑ and ⇓ correspond
to z-projections of angular momentum of acceptor hole, Jz,
equal to +3/2 and −3/2, respectively. Red bold arrow ⇑ cor-
responds to z-projection of angular momentum of heavy hole
in exciton which is equal to +3/2. Thin arrows ↑ and ↓ corre-
spond to electron spin projection on z axis, +1/2 and −1/2,
respectively. Coefficients α and β determine the mixing of
electron spin states in external magnetic field and depend on
angle Θ.
Initially, the exciting photon in state |ω1,k1, σ
+〉 with
optical frequency ω1 and circular polarization σ
+ prop-
agates along the magnetic field direction k1‖B. The
| ± 3/2〉 ground states of the heavy hole bound to an ac-
ceptor A0 in the QW are the eigenstates of the angular
momentum projection onto the direction z perpendicular
to the QW plane, Jz = ±3/2 (black bold arrows ⇑ and
⇓ in Fig. 3(a)). In the absence of p − d exchange inter-
action, the Zeeman splitting of the spin levels is given
by E±3/2 = ±
1
2
µBgAB. In the intermediate SFRS state
the A0X complex given by an exciton bound to a neu-
tral acceptor is created. For σ+ excitation, the angular
momentum projection of the heavy hole in the exciton is
equal to +3/2 (red bold arrow ⇑ in Fig. 3(a)), while the
spin of the acceptor bound hole is equal to Jz = −3/2
(see Fig. 3(a))[28]. The exchange interaction between the
exciton heavy hole and the acceptor bound hole can lead
to a mutual flip of their spins with conservation of total
angular momentum. In the next step, the exciton is an-
nihilated and a photon is emitted with optical frequency
ω2 and opposite circular polarization σ
−. Here, energy
conservation is fulfilled only for the initial and final states
(photon and acceptor), but not in the intermediate state
(exciton bound to neutral acceptor). In the final state we
obtain the emitted photon |ω2,k2, σ
−〉 and the acceptor
with Jz = +3/2. Thus, the energy of the emitted photon
is ~ω2 = ~ω1−µB|gA|B, which is shifted into the Stokes
region.
In Faraday geometry (B‖z) the transition described
above is forbidden because the angular momentum of the
hole in the A0X complex should change by three quanta,
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FIG. 4. (Color online) (a) Example of SFRS for excitation energy ~ωexc = 1.610 eV measured in cross-polarized excita-
tion/detection (σ+, σ−) configuration. B = 10 T, Tbath = 5 K and dS = 5 nm. Vertical arrow indicates peak position of the
hole spin flip at the acceptor. Vertical dashed lines in panels (a) and (c) correspond to laser cut-off energies, where a filter
with 0.01% transmission was introduced in the detection path in order to accurately measure the spectral position of laser line.
(b) Magnetic field dependence of Raman Stokes shift ∆S of hole spin flip line for various bath temperatures Tbath (symbols).
Dashed arrows correspond to linear fits using Eq. (3) with |gA| = 0.4 and point to the energy offset ∆pd. (c) Example of SFRS
for ~ωexc = 1.615 eV showing electron spin flip line. B = 10 T, Tbath = 5 K and dS = 7.5 nm. (d) Temperature dependence
of Raman shift ∆S at B = 10 T for the structure with dS = 7.5 nm. (e) Exchange energy ∆pd for various spacer thicknesses
dS. Tbath = 5 K. (f) Magnetic field dependence of Raman shift for electron spin flip ∆
e
S. Dashed line is linear fit to data with
|ge| = 1.58. All SFRS data are measured for Θ = 20
◦.
∆Jz = 3, while the angular momentum of the photon ∆l
in the back-scattering geometry (k1 = −k2) changes by
0 or ±2 only. For the observation of an SFRS line corre-
sponding to the transition of the hole between its Zeeman
levels we use therefore an oblique field geometry, namely
an angle Θ between the z-axis and magnetic field B of
20◦ is chosen (see Fig. 3(b)). In this geometry, the mag-
netic field induces a mixing of the electron states with
spin projections +1/2 and −1/2 along z (thin arrows ↑
and ↓ in Fig. 3(a)) which allows for observing SFRS in
crossed circular polarizations [28]. For an efficient SFRS
process, it is necessary to tune the laser photon energy
into resonance with the A0X transition (1.610 eV). In
case of a noticeable p − d exchange interaction between
the magnetic ions in the FM layer (d-system) and the
holes bound to acceptors in the QW (p-system) the split-
ting ∆S(B) of the A
0 states is determined not only by
the external magnetic field B, but also by the additional
contribution due to the effective exchange field from the
FM. Therefore, the resulting splitting is given by
∆S(B) = µB|gA|B −∆pdmz, (3)
where mz is the z-projection of the unit vector m along
the magnetization M. Eq. (3) is valid for large mag-
netic fields, when the first term on the right hand side
is larger than the second one, i.e. ∆S(B) > 0. Here, we
use the fact that the p− d exchange interaction between
the magnetic ions and the heavy holes in a QW struc-
ture is strongly anisotropic, i.e., it is described by the
Ising Hamiltonian 1
3
∆pdmzJz [32]. In strong magnetic
fields, the FM is fully magnetized along the B-direction
and the dependence ∆S(B) is a straight line with an off-
set given by the exchange constant ∆pd. For small Θ,
the projection mz = cosΘ ≈ 1 and |gA| corresponds to
the longitudinal acceptor g factor, which determines the
Zeeman splitting for B applied along the z-direction. In
6our case Θ = 20◦ which allows one to use cosΘ = 1 in the
evaluation of the exchange energy ∆pd with an accuracy
of 7%.
Figure 4 summarizes the data on the SFRS corre-
sponding to the spin flip of the electron (e) and the
hole bound to an acceptor (A0). For B = 10 T under
resonant excitation of the A0X transition with photon
energy ~ωexc = 1.610 eV, the spin flip of the acceptor
bound hole is observed for crossed orientations of polar-
izer and analyzer (σ+, σ−) as shown in Fig. 4(a). The
signal is given by the broad line with a Raman shift of
∆S = 160 µeV close to the laser line. Figure 4(b) shows
the magnetic field dependences of the Raman shift of the
acceptor bound hole ∆S for various temperatures Tbath.
The data are well described by Eq. (3) with the hole
g factor |gA| = 0.4 which determines the slope of the
line. The offset ∆pd ≈ 50 µeV for Tbath = 5 K and
depends weakly on temperature. A weak dependence
of ∆pd on Tbath follows also from Fig. 4(d), where the
temperature dependence of the Raman shift ∆S for a
fixed magnetic field B = 10 T is shown. Such behav-
ior cannot be attributed to an exchange interaction with
paramagnetic ions or FM Co clusters diffused into the
QW during the growth process. The magnetization of
ions should decrease strongly with increasing tempera-
ture from 2 to 25 K, which is in contrast to our ob-
servations (see Fig. 4(b) and (d)). Thus, we conclude
that the SFRS demonstrates the splitting of the accep-
tor bound hole in the FM induced exchange field. The
striking feature of this interaction is its long range na-
ture. Figure 4(e) shows the splitting ∆pd vs the spacer
thickness evaluated from magnetic field dependences of
∆S(B) measured on corresponding samples. We observe
a splitting of about 100 µeV even for spacers as large
as 10 nm. This distance is significantly larger than the
penetration depth of electron and hole wavefunctions of
maximum 1-2 nm into a FM layer that would be required
to obtain a considerable direct exchange interaction [21].
The offset in the magnetic field dependence of the ac-
ceptor bound hole Raman shift ∆S(B) has to be con-
sidered with considerable care. Apart from the FM in-
duced exchange field, the offset may result from the en-
ergy splitting between the heavy and light holes bound
to an acceptor. The magnitude of this splitting is about
∆lh ≈ 1 meV [28]. For the magnetic fields B ≤ 10 T
used in our experiments, the Zeeman splitting of the hole
states µB|gA|B is clearly less than ∆lh, which results in
the transition scheme shown in Fig. 5. At low temper-
atures, the lowest energy heavy hole state with angular
momentum projection Jz = −3/2 is populated. From
this state, there are three possible transitions which are
shown with the red arrows in Fig. 5. It follows that a
decrease of the magnetic field leads to vanishing of the
| − 3/2〉 → |+ 3/2〉 spin flip transition energy. However,
the transitions |−3/2〉 → |−1/2〉 and |−3/2〉 → |+1/2〉
have a positive offset corresponding to ∆lh. We empha-
size that our results cannot be attributed to such be-
haviour because: (i) the offset in Fig. 4(b) is negative and
B=0
2/3
2/3
2/1
2/1
h"'
BgABP
3/BgABP
B>0
FIG. 5. (Color online) Scheme of optical transitions involved
in SFRS of acceptor bound hole (red arrows). Lower en-
ergy doublet with angular momentum projections ±3/2 cor-
responds to heavy hole states where splitting in magnetic
field is depicted for the case of gA > 0. Upper energy dou-
blet with angular momentum projections ±1/2 corresponds
to light hole states. ∆lh is energy splitting between heavy
and light holes bound to acceptor.
(ii) the magnitude of exchange energy ∆pd < 100 µeV is
significantly smaller than ∆lh. Moreover, the magnetic
field dependence of ∆S(B) in CdTe QW structures with-
out Co layer shows linear behavior which approaches zero
when extrapolated to zero field, i.e. no offset is detected
in this case.
Therefore, the observation of SFRS on the accep-
tor bound hole corresponds to the spin-flip transition
| − 3/2〉 → |+ 3/2〉 and the offset is related to the heavy
hole splitting in the effective exchange field from the FM.
Transitions to the light hole states with Jz = ±1/2 were
not detected in the investigated samples which may be
attributed to spectral broadening of the Raman line due
to fluctuations of ∆lh.
The SFRS signal related to the heavy hole spin flip
disappears when the exciting laser photon energy is in-
creased and approaches the exciton resonance X (see the
PL spectrum in Fig. 1(b)). In this case the spin flip of the
electron dominates the SFRS spectrum, which is shown
in Fig. 4(c) for ~ωexc = 1.615 eV. Figure 4(f) presents
the magnetic field dependence of the Stokes shift for the
electron spin-flip ∆eS(B). The shift follows a linear de-
pendence with the electron g factor |ge| = 1.58 and does
not show any measurable offset [29]. This indicates that
the effective s − d interaction between the conduction
band electrons in the QW and the FM layer is negligibly
small as compared with the p− d interaction of the QW
heavy holes.
We also note that we do not observe a SFRS signal
related to the free heavy hole which is not bound to the
acceptor. Its absence may be due to strong fluctuations of
the free hole g factor leading to a significant broadening
7of the SFRS line. For detecting the spin splitting of the
unbound heavy hole ~Ωh, we use a transient pump-probe
technique as described below.
IV. LARMOR SPIN PRECESSION OF
VALENCE BAND HOLES
Transient pump-probe Kerr rotation in the vicinity of
the exciton resonance allows us to measure the frequency
of the Larmor precession of electrons Ωe and holes Ωh
in CdTe/(Cd,Mg)Te QWs [33]. Thereby circularly po-
larized pump pulses photoexcite carriers with optically
oriented spin polarization parallel to the growth direc-
tion (z-axis). In a transverse magnetic field B‖x the
subsequent spin precession leads to transient oscillations
of the z-component, Sz, of the spin polarization which
is detected by the Kerr rotation of the linearly polar-
ized probe beam when the delay between the pump and
probe pulses t is varied. The electron and hole spins pre-
cess with different Larmor precession frequencies due to
the difference in their g factors. The electron g factor in
CdTe QW is close to isotropic, while the heavy hole one
has a strong anisotropy.
Our experiment requires an oblique magnetic field
since the z-component of magnetic field has to induce
a magnetization of the FM layer, while the x-component
is required to observe the oscillatory precession signal.
We stress that the pump-probe signal is observed in the
studied FM-SC hybrid structures only when the excita-
tion photon energy is tuned to the QW exciton resonance.
This indicates that the experimental data monitor the
spin dynamics of photoexcited carriers in the QW and
not in the FM. Moreover, we get exclusively access to
the Larmor precession of the conduction band electrons
and valence band holes because an efficient optical orien-
tation of the photoexcited carriers occurs only for reso-
nant excitation of the excitons, whose oscillator strength
is significantly larger than that of the excitons bound to
acceptors.
Figure 6 shows corresponding transient Kerr rotation
signals in different magnetic fields. The inset shows
schematically the geometry of the experiment where the
magnetic field is tilted by an angle Θ = 70◦ with respect
to the z-axis. The transient signals comprise two con-
tributions. The first one corresponds to a signal with
high oscillation frequency and is attributed to the elec-
tron spin precession. The second contribution oscillates
quite slowly and corresponds to the heavy hole spin dy-
namics with a small g factor. Each of these oscillatory
signals is well described with Ai cos(Ωit + φi) which al-
lows us to determine the magnetic field dependence of
the Larmor precession frequencies Ωi for the electrons
(i = e) and holes (i = h). The data are summarized in
Fig. 7.
For the holes, Ωh(B) dependencies are shown for
Θ = 70◦ at two different temperatures, 2 K and 12 K
(Fig. 7(a)). At first glance the dependences appear to
1.60 T
1.06 T
0.79 T
0.53 T
0.32 T
0.21 T
Ke
rr 
ro
ta
tio
n 
si
gn
al
 (a
rb
. u
ni
ts
)
Time delay t (ps)
B = 2.13 T
Tbath = 2 K
= 70o
FIG. 6. (Color online) Transient pump-probe Kerr rota-
tion signal measured as function of pump-probe delay for
various magnetic fields. Photon energy of pump and probe
~ωp = 1.627 eV is tuned in resonance with exciton transi-
tion. Tbath = 2 K, dS = 10 nm and Θ = 70
◦. Inset shows
schematically geometry of experiment.
be linear across the whole range of magnetic fields with
the corresponding g factor |gh| = 0.17 which weakly de-
pends on temperature. However, a closer look shows
that Ωh(B) shows small wiggles above about B ≈ 1.5 T.
One possible explanation for the non-linear behavior of
Ωh(B) is the exchange interaction of the heavy holes
with magnetic ions in the FM layer whose magnetiza-
tion slowly varies with magnetic field. However, even
if this effect is present its magnitude is expected to be
rather small. Therefore, we conclude that the valence
band holes are weakly coupled to the FM layer which
is in contrast to the strongly interacting holes bound to
acceptors as demonstrated in Section III. The value of
the heavy hole g factor is determined from the relation
|gh| =
√
g2z cos
2Θ+ g2x sin
2Θ. Taking gx ≈ 0 we ob-
tain |gz| ≈ 0.5 thereby. This value is slightly larger than
the g factor of the acceptor bound hole |gA| = 0.4 ex-
tracted from the SFRS data, which indicates that indeed
the pump-probe signal addresses the spin dynamics of
unbound, free valence band holes.
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FIG. 7. (Color online) Magnetic field dependence of Zeeman
splitting for (a) holes ~Ωh for two temperatures of 2 K and
12 K and (b) electrons ~Ωe evaluated from pump-probe tran-
sients. Dashed lines are linear fits to the data with |gh| = 0.17
in (a) and |ge| = 1.31 in (b). dS = 10 nm and Θ = 70
◦.
The Larmor precession frequency of the electrons
Ωe(B) depends linearly on magnetic field (Fig. 7(b)),
from which we evaluate the electron g factor to be
|ge| = 1.31. The slight difference between the values
obtained from pump-probe and SFRS is related to the
anisotropy of the electron g factor [29]. Note that the
magnetic field dependence of Ωe also does not show any
offset. Thus, the electrons do not experience a s − d
exchange interaction which is in accord with the SFRS
data.
V. DISCUSSION
The main result of our study is the direct measurement
of the exchange energy ∆pd = 50− 100 µeV for the effec-
tive p−d interaction between the magnetic ions in the FM
layer and the holes bound to acceptors in the semicon-
ductor QW, without involving any model. This energy
splitting of the hole spin levels is in agreement with our
previous estimates in Ref. 21, where ∆pd ≈ 50 µeV was
evaluated from polarization- and time-resolved PL mea-
surements in weak longitudinal magnetic fields in which
the interfacial FM layer resulted in a magnetization of the
acceptor holes. Here, SFRS measurements have been per-
formed in strong magnetic fields and, therefore, it is ex-
pected that an additional contribution from the Co layer
to the exchange interaction is expected. This is because
magnetic fields larger than 2 T are sufficient to saturate
the out of plane magnetization of the Co film. However,
in contrast to MCD the amplitude of the proximity effect
A(B) in Fig. 2(b) increases linearly with magnetic field.
Therefore, we conclude that the main contribution to the
p−d exchange interaction comes from the interfacial FM.
The origin of the interfacial magnetic layer requires fur-
ther studies. Currently, it is reasonable to assume that
its formation is caused by chemical reaction of Co atoms
with the Cd0.8Mg0.2Te material.
We observe no FM induced splitting of the spin levels
of the valence band holes which are not bound to accep-
tors as well as of the conduction band electrons. The
splitting of valence band holes has been evaluated from
degenerate pump-probe Kerr rotation measurements un-
der resonant excitation of excitons in the QW structure.
This experiment differs significantly from SFRS which
probes the acceptor bound holes under resonant excita-
tion of excitons bound to neutral acceptors A0X . Fig-
ure 7(a) demonstrates that the magnetic field dependence
Ωh(B) does not show a detectable offset and a deviation
from a linear behavior. Thus, the pump-probe measure-
ments clearly demonstrate that the exchange interaction
between the valence band holes in the QW and the FM
layer is small. The same result is obtained for the con-
duction band electrons where as well no offset in the
magnetic field dependence of their Zeeman splitting is
detected, both in SFRS and pump-probe.
A further result obtained from SFRS is that the ex-
change energy ∆pd does not decrease with increasing
spacer thickness for dS ≤ 10 nm (see Fig. 4(e)). This
is in accord with our previous studies in Ref. 21, where
the suppression of PL intensity with decreasing dS gives a
characteristic length of 1−2 nm for the wavefunction pen-
etration into the Co-layer. This distance is much smaller
than the spacer range of dS = 5−10 nm addressed in the
present study. Also, the FM induced polarization of the
PL depends only weakly on dS = 5− 30 nm [21]. There-
fore, we conclude that the effective p−d exchange interac-
tion between the Co ions in the FM and the holes bound
to acceptors in the QW is not determined by their wave-
function overlap. These results are surprising from the
viewpoint of the standard theory of exchange interaction
whose strength is proportional to this overlap [34, 35].
Note, however, that this does not represent a contradic-
tion because the exchange reported here is observed for
holes bound to acceptors but is absent for conduction
band electrons and valence band holes.
In Ref. 21 we proposed that this kind of long-range in-
teraction can be mediated by elliptically polarized acous-
tic phonons. The latter are strongly polarized in the
vicinity of the magnon-phonon resonance in the FM [24].
In addition, phonons do not experience the electronic
9E
n
e
rg
y
V+
phot
V+
phon
-1/2 +1/2
(a) (b)
-3/2 +3/2
CB
VB
Eg
Neutral acceptor A0
-3/2 +3/2
-1/2 +1/2
hh
lh
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effect in semiconductors with σ+ photons and phonons (blue
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phonons the energy shift occurs for the heavy hole state with
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tion. The repulsion of energy levels is indicated with dashed
lines. Both ac Stark effects result in a splitting of spin states
and can be considered as generation of an effective dc mag-
netic field.
barrier between the QW and the FM layer. The charac-
teristic frequencies of these elliptically polarized phonons
(about 1 meV) are close to the energy splitting between
the acceptor bound heavy | ± 3/2〉 and light | ± 1/2〉
holes (quasi-resonant case) and significantly smaller than
the corresponding splitting between the confined valence
band states in the QW with 10 nm width. For example,
if the phonons are mainly σ+ polarized (with positive
z-projection of angular momentum) the interaction with
the holes couples the ground state | − 3/2〉 with the ex-
cited state |−1/2〉 which consequently leads to an energy
shift of the levels. This results in lifting of the Kramers
degeneracy of the | ± 3/2〉 doublet in zero external mag-
netic field which is the phonon analog of the optical ac
Stark effect and the inverse Faraday effect which occurs
in case of illumination with elliptically polarized light in
transparency region.
The optical Stark effect is a well established phe-
nomenon in semiconductors [36]. It takes place when
an electromagnetic wave with σ+ polarization couples
the electronic states with angular momentum projection
−3/2 in the valence band and −1/2 state in the con-
duction band as shown in Fig. 8(a). Due to the inter-
action with light these states experience an energy shift
∆ ∝ P 2/δ, where δ = Eg − ~ω. Here, ~ω is the photon
energy and Eg is the energy gap of the semiconductor, P
is the dipole matrix element of the optical transitions be-
tween valence and conduction bands. For photons with
~ω < Eg repulsion between the electronic states takes
place, i.e. ∆ > 0. Similarly, in the case of the phonon
Stark effect [21], a circularly polarized phonon couples
the heavy (hh) and light (lh) hole acceptor states with
angular momentum projections −3/2 and −1/2, respec-
tively (see Fig. 8(b)). The spin-phonon interaction for
holes occurs due to the spin-orbit coupling of hole states
in the valence band. In this case, the level shift is pro-
portional to the square of the matrix element of the spin-
phonon interaction divided by the detuning of the phonon
frequency at the magnon-phonon resonance in the FM
relative to the energy separation between the heavy and
light hole acceptor levels in the QW.
In conclusion, our results are in agreement with the
proposed model of an effective p−d exchange interaction
mediated by elliptically polarized phonons. Here the en-
ergy splitting of the acceptor bound holes has been mea-
sured directly and amounts to ∆pd = 50− 100 µeV. This
model explains the absence of a long-range s−d exchange
interaction because the spin-orbit interaction in the con-
duction band is much smaller than the one in the valence
band.
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